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HIGHLIGHTS 


•  Performance  of  a  thermal  study  of  a  lithium-ion  battery  (NCM/LMO  vs.  hard  carbon). 

•  Thermal  stability  primarily  depends  on  the  positive  electrode-electrolyte  reaction. 

•  Inhibition  of  the  oxidation  reaction  due  to  oxygen  release  can  be  seen  in  ARC  studies. 

•  Completion  of  XRD  studies  and  identification  of  several  reduction  products. 

•  Impact  of  the  SOC  studied  by  a  combination  of  DSC  and  cyclic  voltammetry  (CV). 
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Accelerating  rate  calorimetry  (ARC)  and  differential  scanning  calorimetry  (DSC)  were  used  to  study  the 
thermal  behaviour  of  a  commercially  available  lithium-ion  cell.  Both  the  complete  cell  (pouch  type,  2  Ah) 
and  its  electrode  materials,  respectively,  were  investigated.  As  positive  electrode  material  a  blend  system 
consisting  of  NCM  (=Li[Nioj3Coo.33Mno33]02)  and  LMO  (=LiMn204)  with  a  weight  ratio  of  4:1  was 
identified.  The  main  exothermic  behaviour  is  dominated  by  the  positive  electrode— electrolyte  reaction. 
ARC  studies  on  the  positive  electrode  material  in  presence  of  our  reference  electrolyte  show  an  inhibiting 
effect  of  the  conducting  salt  LiPFg  towards  the  oxidation  of  the  organic  based  electrolyte  by  released 
oxygen.  X-ray  diffraction  measurements  were  performed  to  study  the  thermal  decomposition  behaviour 
of  the  positive  active  material.  Both  the  blend  system  and  the  single  components,  NCM  and  LMO,  were 
investigated  at  different  temperatures.  A  significant  phase  transformation  from  the  hexagonal  layered  to 
a  cubic  structure  as  well  as  various  reduction  products  could  be  identified.  Finally,  the  thermal  behaviour 
of  the  NCM/LMO-blend  and  its  single  phases,  NCM  and  LMO,  at  different  states  of  charge  (SOC)  was 
investigated.  Therefore,  detailed  investigations  based  on  differential  scanning  calorimetry  (DSC)  and 
cyclic  voltammetry  (CV)  were  performed. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium-ion  cells  have  become  promising  power  sources  for 
portable  applications  and  electric  vehicles.  Especially  transition 
metal  oxide  based  electrode  materials,  such  as  NCM  (corresponding 
to  Li[Nio.33Coo.33Mn0.33]02)  or  LiCoC>2  are  used  due  to  their  good 
electrochemical  performance  and  high  capacity  resulting  in  an 
acceptable  high  energy  density  [1,2],  Blend  materials,  commonly 
composed  of  spinel  (e.g.  LiM^CU)  mixed  with  a  layered  metal 
oxide  are  also  commercially  used  [7,8],  However,  concerns  about 
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the  thermal  behaviour  of  these  oxide-based  positive  electrode 
materials  still  exist  since  oxygen  release  at  higher  temperatures  can 
lead  to  a  hazardous  combustion  reaction  driving  the  flammable 
alkylcarbonate-based  solvent  of  the  electrolyte  into  fire  or  explo¬ 
sion.  The  thermal  behaviour  of  complete  lithium  ion  cells  is  pri¬ 
marily  dominated  by  used  electrode  materials  and  their  thermal 
decomposition  behaviour  as  well  as  the  reaction  behaviour  with 
the  organic  electrolyte  [10—12],  Using  C80  microcalorimetry,  dif¬ 
ferential  scanning  calorimetry  (DSC)  or  accelerating  rate  calorim¬ 
etry  (ARC),  the  thermal  stability  of  several  lithium-ion  electrode 
materials  in  contact  with  salt-free  solvent  and  electrolyte  was 
already  investigated  by  many  researcher  groups,  e.g  [3-6].  In  this 
work,  a  detailed  study  of  both  the  thermal  behaviour  of  a  complete 
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lithium  ion  cell  and  its  electrode  materials  was  performed  by 
accelerating  rate  calorimetry  (ARC)  and  differential  scanning  calo¬ 
rimetry  (DSC),  respectively.  The  active  materials  for  the  ARC  ex¬ 
periments  were  obtained  from  the  fully  charged  cell  after 
disassembling  in  an  argon  filled  glove  box  and  afterwards  rinsed 
with  dimethyl  carbonate  (DMC).  A  similar  study  was  already  per¬ 
formed  by  Maleki  et  al.  [9],  Maleki  et  al.  investigated  complete 
LiCo02-based  prismatic  lithium  ion  cells  (550  mAh)  by  ARC  and  the 
respective  electrode  materials  in  contact  with  electrolyte  by  DSC.  In 
our  case  the  pouch  type  lithium  ion  cell  from  manufacturer  A  (see 
Table  1)  contained  a  blend  composed  of  Li[Nio.33Coo.33Mno.33]02 
(NCM)  and  LiMn204  (LMO)  with  a  weight  ratio  of  4:1  (w/w)  as 
positive  electrode  material.  So  called  hard  carbon  was  used  as 
negative  electrode  material.  We  have  investigated  both  the  com¬ 
plete  cell  and  its  electrode  materials  by  ARC  experiments.  The  work 
of  Maleki  et  al.  as  well  as  recent  modelling  works  [13]  have  shown 
that  especially  the  reaction  between  the  positive  electrode  material 
and  the  organic  electrolyte  dominates  the  thermal  reaction 
behaviour  and  leads  finally  to  a  thermal  runaway. 

Therefore,  to  understand  the  decomposition  of  the  NCM/LMO- 
blend  at  elevated  temperatures  in  detail,  we  have  carried  out  X- 
ray  diffraction  measurements  at  different  temperatures.  Besides 
the  blend  material,  the  respective  single  phases  NCM  and  LMO  from 
commercially  available  lithium  ion  cells  were  also  investigated  by 
XRD.  Moreover,  we  have  analysed  the  impact  of  the  conducting  salt 
LiPF6  towards  the  reaction  behaviour  between  the  positive  elec¬ 
trode  and  a  LiPF6  based  electrolyte  by  ARC.  DSC  was  used  to  study 
the  influence  of  the  state  of  charge  (SOC)  towards  the  thermal 
behaviour  of  the  NCM/LMO-blend  in  contact  with  the  electrolyte.  In 
this  case,  we  have  also  carried  out  DSC  investigations  only  on  the 
single  phases  NCM  and  LMO,  respectively,  to  understand  the  in¬ 
fluence  of  the  state  of  charge  more  precisely. 

This  work  aims  at  a  detailed  study  of  the  thermal  safety 
behaviour  of  a  complete  lithium  ion  cell  and  the  correlation  to  its 
electrode  materials. 

2.  Experimental 

2.J.  Investigated  materials 

In  all  thermal  and  electrochemical  experiments,  a  LiPF6  based 
electrolyte  consisting  of  a  solution  of  1  M  LiPF6  in  ethylene  car¬ 
bonate  (EC)  and  dimethyl  carbonate  (DMC)  with  a  weight  ratio  of 
1:1.  This  standard  solvent  mixture  was  commercially  purchased. 

Table  1  gives  a  short  overview  of  the  lithium  ion  cells  and 
their  electrode  materials  used  for  our  ARC  experiments.  There¬ 
fore,  we  used  three  cell  types  from  the  respective  manufacturer 
A,  B,  and  C.  In  the  following  work,  the  cells  will  be  indicated  as 
cell  A,  B  and  C.  The  necessary  chemical  information  are  indicated 
in  Table  1. 

In  the  following,  the  abbreviation  “NCM”  always  refers  to  the 
composition  Li[Ni0.33Coo.33Mn0.33]02  indicating  the  same  ratio  of 
nickel,  cobalt  and  manganese.  Several  physical  and  electrochemical 
analyses  (for  instance  XRD,  etc.)  were  performed  to  determine  and 
confirm  the  composition  of  the  electrodes  shown  in  Table  1. 


Overview  of  the  lithium  ion  cells  used  for  the  thermal  investigations. 
Manufacturer  [ — ]  A  B  C 

Nominal  Capacity  [Ah]  2  2  1.2 

Type  [— ]  Pouch  Pouch  Cylindric 

Positive  electrode  [-]  NCM/LMO  (4:1,  w/w)  NCM-1  LMOb 

Negative  electrode  [-]  Hard  Carbon  Graphite  Graphite 

a  NCM  =  U[Nio.33Cooj3Mno.33]02. 
b  LMO  =  LiMn204. 


2.2.  Thermal  measurement  method 

2.2.1.  Accelerating  rate  calorimetry  (ARC) 

To  perform  our  ARC  measurements  the  electrode  materials 
were  obtained  from  the  respective  commercially  available  lithium- 
ion  cell  from  Table  1.  Before  disassembling,  the  cells  had  to  be 
charged.  The  charge  current  I  [A]  is  defined  by  the  so  called  C-rate. 
Depending  on  the  nominal  capacity  Qy  [Ah]  for  each  cell,  shown  in 
Table  1,  the  charge  current  is  defined  as  followed  (x  [h-1]  as  con¬ 
stant,  e.g.  0.5  or  2):  /  =  x*Cjy.  Each  cell  was  charged  to  4.2  V  with  a 
defined  charging  rate  of  C/2  followed  by  a  constant  voltage  step 
until  the  current  dropped  to  a  C/20  rate.  Afterwards,  the  cell  was 
discharged  down  to  2.5  V  with  the  same  current.  This  cycling 
procedure  was  repeated  three  times  and  ended  with  a  final 
charging  step  up  to  a  cut-off  voltage  of  4.2  V.  The  fully  charged  cell 
was  then  transferred  into  an  argon-filled  glove  box  and  dis¬ 
assembled.  The  positive  active  material  was  scraped  from  the 
aluminium  collector  and  rinsed  with  DMC  to  remove  the  original 
electrolyte  and  possible  additives  from  the  surface  of  the  electrode 
material.  Finally,  the  rinsed  positive  electrode  material  was  dried 
under  vacuum  overnight  to  guarantee  that  all  DMC  was  removed, 
before  doing  any  ARC-experiments.  The  negative  electrode  mate¬ 
rial  was  not  rinsed  with  DMC  since  organic  components  of  the  SE1 
could  be  removed  by  the  rinsing  procedure  destroying  the  SE1 
[14,15], 

The  ARC  samples,  consisting  of  the  prepared  active  material  and 
the  standard  electrolyte  (or  salt-free  solvent),  were  placed  into  a 
titanium  sample  holder  with  a  wall  thickness  of  only  0.1  mm.  A 
sample  mass  of 200  mg  of  the  cathode  material  and  100  mg  (2:1  w  / 
w)  of  the  electrolyte  were  commonly  used  to  carry  out  the  ARC 
experiments.  Due  to  the  low  density  of  the  negative  electrode 
material,  in  this  case,  only  100  mg  of  the  negative  electrode  ma¬ 
terial  and  50  mg  electrolyte  (2:1  w/w)  were  used.  Since  the  elec¬ 
trode  material  was  obtained  from  commercial  lithium-ion  cells,  the 
weight  of  the  electrode  powder  includes  both  conductive  additives 
(crystalline  and  amorphous  carbon)  and  binder.  The  whole  sample 
preparation  was  made  under  argon  atmosphere  to  prevent  atmo¬ 
spheric  influences  (especially  oxygen  and  water).  All  ARC  experi¬ 
ments  were  carried  out  by  an  APTAC  254®  (from  Netzsch  Geratebau 
GmbH,  Germany). 

First  of  all,  the  samples  were  heated  up  to  a  start  temperature 
of  80  °C.  Commonly,  a  measurement  stopped  at  350  °C  or  when 
the  self  heating  rate  of  the  sample  rised  beyond  40  °C  min-1.  In 
5  K  steps  a  heat-wait-search  procedure  (HWS)  was  applied  with  a 
waiting  time  of  15  min  before  searching  for  exothermal  processes. 
If  no  exotherm  was  found,  the  temperature  was  increased  with  a 
heating  rate  of  5  °C  min-1.  The  threshold  for  an  exothermic  pro¬ 
cess  was  set  to  a  heating  rate  of  0.02  °C  min-1.  When  the 
generated  heat  of  our  sample  exceeded  this  threshold,  the 
following  exotherm  was  monitored  under  adiabatic  conditions. 
Besides  the  detection  of  the  temperature  and  the  heating  rate  of 
our  sample,  we  also  recorded  the  pressure  rise  during  an  ARC 
measurement. 

The  ARC  measurement  of  the  complete  lithium  ion  cell  A, 
shown  in  Fig.  1,  was  performed  at  the  Zentrum  fur  Sonnenenergie- 
und  Wasserstoff-Forschung  in  Ulm.  The  boundary  conditions 
described  above,  such  as  heating  rate  or  threshold  for  the  detection 
of  an  exothermic  process,  were  the  same. 

2.2.2.  Differential  scanning  calorimetry  (DSC) 

Differential  scanning  calorimetry  was  used  to  investigate  the 
influence  of  the  state  of  charge  (SOC)  on  the  reaction  behaviour 
between  the  positive  electrode  material  and  electrolyte.  The  NCM/ 
LMO-blend  based  lithium-ion  cell  from  manufacturer  A  was 
therefore  charged  to  various  SOC  values  (namely  100%,  80%,  60%, 
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— —  Complete  lithium-ion  battery  (manufacturer  A) 

-  NCM/LMO  (4:1  w/w)  +  1 M  LiPFe  EC/DMC 

-  Hard  Carbon  +  1M  UPFg  EC/DMC 


100  200  300 

Temperature  [°C] 


Fig.  1.  Heating  rate  vs.  temperature  plot  of  the  complete  lithium  ion  cell  (manufacturer 
A)  and  the  respective  electrode  materials  (200  mg)  in  contact  with  100  mg  electrolyte 
(1  M  LiPF6  EC/DMC  (1:1,  w/w)). 


50%,  20%).  The  SOC  was  determined  from  the  discharge  capacity.  To 
guarantee  the  same  initial  SOC  for  the  single  phases  NCM  and  LMO 
(in-house  prepared  and  coated),  we  determined  the  electrode  po¬ 
tential  of  the  positive  blend  electrode  at  the  different  state  of 
charges  within  a  potential  test.  Therefore,  a  test  cell  was  built 
containing  both  the  positive  and  negative  electrodes  from  cell  A. 
The  test  cell  was  equipped  with  a  lithium  reference,  which  was 
placed  between  the  positive  and  negative  electrode.  Each  of  the 
various  investigated  states  of  charge  correspond  to  a  different 
electrode  potential  of  the  positive  and  negative  electrode  measured 
versus  lithium.  The  test  cell  was  cycled  (1.614  mAh)  with  a  rate  of  C / 
15.  Afterwards,  half  cells  containing  the  positive  active  material 
NCM  or  LMO  versus  lithium  were  built,  respectively,  and  charged 
with  a  defined  current  to  the  electrode  voltage  determined  by  the 
test  cell  containing  the  electrode  materials  from  cell  A,  as  described. 
The  in-house  prepared  NCM  had  a  theoretical  capacity  of 
157  mAh  g-1  and  the  in  -  house  prepared  LMO  of  105  mAh  g-1.  The 
mass  of  NCM  on  the  stamped  blank  for  the  half  cell  was  32  mg  and 
for  LMO  58  mg  on  the  average.  The  area  of  the  stamped  blank  was 
2.54  cm2.  These  values  implied  a  capacity  of  1.82  mAh  cm-2  for 
NCM  and  2.42  mAh  cm-2  for  the  LMO  cell,  respectively.  As  cycling 
procedure  for  the  half  cells,  two  cycles  with  a  C/15  rate  were  passed 
through  before  a  final  charging  step  occurred.  After  charging,  the 
test  cells  were  transferred  into  the  argon  filled  glove  box  and  af¬ 
terwards  disassembled.  The  active  material  was  scrapped  from  the 
aluminium  collector.  The  in-house  coated  NCM  and  LMO  sheets 
were  not  calandered  which  made  the  removal  of  the  active  material 
much  easier. 

The  DSC  crucible  contained  commonly  12.5  mg  positive  active 
material.  The  DSC  preparation  was  also  done  under  argon  atmo¬ 
sphere  to  prevent  atmospheric  influences.  We  used  a  scan  rate  of 
5  K  min-1  to  carry  out  our  DSC  measurements.  For  every  DSC 
measurement  we  built  at  least  two  half  cells  in  order  to  check  for 
reproducibility.  For  the  thermal  investigations  it  made  no  differ¬ 
ence  if  the  sheets  were  calandered  or  not.  The  positive  electrode 
material  was  investigated  in  presence  of  our  reference  electrolyte. 
For  the  sake  of  comparability,  we  tried  to  adjust  a  mass  ratio  of  1 :1 
between  the  solid  positive  electrode  material  and  the  liquid 
electrolyte.  The  released  heat  as  integral  of  the  DSC  plots  was 
evaluated  between  150  °C  and  350  °C  for  all  the  DSC 
measurements. 


2.3.  Electrochemical  and  physical-analytical  characterization 
methods 

2.3.1.  X-Ray  diffraction  (XRD) 

In  order  to  certify  the  crystalline  structure  of  the  delithiated 
positive  electrode  material  and  decomposition  products  at  different 
temperatures,  X-ray  diffraction  (XRD)  measurements  were  carried 
out.  The  diffractograms  were  generated  in  an  angle  range  between 
5°  and  100°  (20)  by  a  Bruker-AXS  D8  diffractometer  equipped  with 
a  Bragg-Brentano-optics.  The  20  angle  in  this  paper  correspond  to 
the  Cu-Ka  radiation.  XRD  measurements  were  carried  out  on  the 
positive  electrode  material.  Therefore,  we  interrupted  an  ARC 
experiment  at  a  defined  temperature  and  performed  XRD  mea¬ 
surements  afterwards.  Since  the  complete  ARC  preparation  occurs 
in  the  glove  box,  all  the  samples  were  heated  up  under  argon  at¬ 
mosphere.  XRD  was  also  used  to  evaluate  our  rinsing  procedure.  To 
carry  out  the  XRD  investigations  a  so  called  scatter  preparation  was 
used.  Therefore,  the  electrode  powder  was  scattered  on  a  specially 
cut  quartz  glass  allowing  no  diffraction  of  the  X-rays.  The  program 
TOPAZ  (a  software  of  Bruker  AXS)  was  used  to  determine  the 
crystalline  structure  and  the  corresponding  lattice  constants  by  a 
Rietveld  refinement. 

2.3.2.  Cyclic  voltammetry  CV 

Cyclic  voltammetry  (CV)  was  performed  on  the  in-house  pre¬ 
pared  NCM  and  LMO  sheets  after  punching  versus  lithium.  There¬ 
fore  a  slow  scan  rate  of  5  pV  s-1  was  used  and  three  cycles  were 
passed  during  the  CV  measurements. 

3.  Results  and  discussion 

3.1.  Thermal  studies  of  the  complete  lithium  ion  cell  and  its  positive 
electrode  material  studied  by  ARC 

Fig.  1  shows  the  ARC  measurements  of  the  complete  lithium  ion 
cell  from  manufacturer  A  and  its  positive  and  negative  electrode 
materials,  respectively,  in  contact  with  1  M  LiPF6  in  EC/DMC  ( 1 : 1,  w/ 
w).  At  this  point,  it  should  be  mentioned  that  the  original  electro¬ 
lyte  of  the  complete  lithium  ion  cell  A  is  composed  of  1  M  LiPFg  in  a 
solution  of  ethylene  carbonate  and  diethyl  carbonate  (DEC)  (1:2,  w/ 
w).  However,  for  the  sake  of  comparability,  we  used  for  all  our 
measurements  our  standard  electrolyte  with  DMC  instead  of  DEC  as 
the  difference  in  the  linear  carbonate  should  be  negligible  in  our 
thermal  analyses.  In  contrast  to  the  measurement  of  the  respective 
electrode  materials  in  contact  with  the  standard  electrolyte  the 
complete  battery  shows  noisy  data  (black  line).  We  ascribe  this 
noisy  behaviour  to  the  measuring  sensitivity  of  the  thermocouple 
which  is  placed  on  the  can  surface  of  the  complete  battery  during 
an  ARC  experiment.  However,  a  clear  course  of  the  heating  rate 
curve  can  be  recognized,  though  a  clear  explanation  for  the  noisy 
data  stays  unclear. 

Between  80  °C  and  120  °C  the  first  small  exothermic  signals  can 
be  observed  for  the  ARC  measurement  of  the  complete  cell  A.  Our 
ARC  measurements  of  the  negative  electrode  material  in  contact 
with  the  standard  electrolyte  (red  line)  show  exotherms  in  the 
same  temperature  range.  The  heating  rates  of  these  exotherms 
show  no  significant  rise  above  the  detection  rate  of  0.02  °C  min-1. 
In  agreement  with  Maleki  et  al.  [9],  we  ascribe  these  exotherms  to 
the  breakdown  of  the  anodic  SEI.  Corresponding  reactions  at  the 
negative  electrode  were  already  studied  by  many  researcher  groups 
[9,11,16],  In  this  study,  the  negative  electrode  reactions  will  not  be 
further  considered.  At  around  150  °C,  we  observe  the  start  of  a 
continuous  rise  of  the  heating  rate  of  the  complete  lithium-ion  cell 
reaching  a  maximum  heating  rate  of  125  °C  min-1.  Our  measure¬ 
ment  of  the  positive  NCM/LMO-blend  electrode  in  presence  of 
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electrolyte  (blue  line)  shows  nearly  the  same  onset-temperature 
and  a  comparable  heating  rate  development.  The  deviation  of  the 
heating  rate  process  of  the  complete  lithium-ion  cell  around  200  °C 
can  be  ascribed  to  starting  reactions  at  the  negative  electrode  and 
the  joule  heat  input  by  the  internal  short  circuit  occurring  around 
230  °C  of  the  complete  cell.  The  reaction  of  the  negative  electrode 
shows  a  maximum  heating  rate  of  nearly  1  °C  min-1  (red  line).  We 
think  that  these  exotherms  correspond  to  the  reactions  between 
the  intercalated  lithium  of  the  charged  negative  electrode  and 
electrolyte  [11].  Fig.  1  shows  first  and  foremost  that  the  thermal 
behaviour  of  the  complete  lithium-ion  cell  is  primarily  dominated 
by  the  reactions  between  the  NCM/LMO  blend  (4:1,  w/w)  and 
electrolyte  (black  line).  Hence,  we  have  studied  these  reactions  in 
detail. 

Fig.  2  shows  the  pressure  rise  during  an  ARC  experiment  of  the 
delithiated  positive  electrode  material  from  the  fully  charged  cell  A 
(SOC  100%)  without  addition  of  electrolyte  or  solvent  after  the 
rinsing  procedure  as  described  in  the  Experimental  section.  Metal 
oxide  based  electrode  materials  decompose  at  higher  tempera¬ 
tures.  The  decomposition  is  accompanied  by  oxygen  release  [3— 
6,17],  After  reaching  the  shut  down  criteria  of  350  °C,  the  experi¬ 
ment  cools  down  to  room  temperature.  The  pressure  rise  is  also 
recorded  during  cooling  down  to  50  °C.  We  denote  the  pressure  at 
this  point  as  irreversible  pressure  rise,  in  case  of  deviation  from  the 
initial  pressure  (usually  1  bar).  Besides  the  active  material,  com¬ 
mercial  positive  electrode  material  compositions  contain  also 
binder  material  and  conductive  additives,  such  as  crystalline  or 
amorphous  carbon.  In  case  of  cell  A,  graphite  could  be  identified  as 
conductive  additive  based  on  our  XRD  investigations  with  an 
amount  of  2  wt.%  (see  Section  3.2).  Although,  the  released  oxygen 
can  combust  with  these  small  amounts  of  graphite  generating  e.g. 
carbon  dioxide,  we  assume  that  the  irreversible  pressure  rise  after 
cooling  down  is  mainly  generated  by  released  oxygen  during  the 
thermal  decomposition  of  the  solid  positive  electrode  material. 
Based  on  literature  results  [11  ]  the  binder  should  have  no  influence 
when  the  positive  electrode  material  is  investigated  without 
addition  of  electrolyte  or  solvent. 

The  released  oxygen  can  combust  with  the  organic  components 
of  the  electrolyte.  Therefore,  we  tried  to  simulate  this  combustion 
reaction. 

Fig.  3  (dashed  line)  shows  the  reaction  behaviour  of  200  mg 
delithiated  positive  electrode  in  contact  with  60  mg  of  the  corre¬ 
sponding  salt- free  solvent  EC/DMC  (w/w  1:1).  In  this  case,  the 
inorganic  salt  LiPFg  was  not  present.  At  150  °C  a  significant  rise  in 


-  200  mg  NCM/LMO  without  addition  of  electrolyte  or  solvent 


(manufacturer  A)  without  addition  of  electrolyte  or  solvent. 


-  200  mg  NCM/LMO  without  addition  of  electrolyte  or  solvent 

- 200  mg  NCM/LMO  +  EC/DMC  (60  mg) 


Fig.  3.  Heating  rate  vs.  temperature  plot  of  200  mg  delithiated  NCM/LMO  (4:1,  w/w) 
blend  (manufacturer  A)  without  addition  of  electrolyte  or  solvent  (solid  line)  and  in 
contact  with  60  mg  EC/DMC  (1:1,  w/w)  (dashed  line)  as  well  as  in  contact  with  a 
calculated  stoichiometric  (spotted  line)  amount  of  EC/DMC  (1:1,  w/w). 


the  heating  rate  is  observed.  This  onset-temperature  is  comparable 
with  the  measurement  shown  in  Fig.  1.  Hence,  the  reaction 
behaviour  is  primarily  caused  by  the  oxidation  of  the  alkylcar- 
bonate  based  solvent  and  released  oxygen  during  the  decomposi¬ 
tion  of  the  positive  electrode  material.  In  our  case,  the  positive 
electrode  of  cell  A  is  composed  of  NCM  (Li[Nio.33Coo.33Mno.33]C>2) 
and  LMO  (LiMn204)  with  a  weight  ratio  of  4:1.  Recent  thermal  in¬ 
vestigations  [1,17]  on  metal  oxide  based  active  materials  (fully 
charged)  have  shown  that  the  thermal  decomposition  occurs  at 
different  temperatures.  The  heating  rate  of  the  bare  blend  material 
without  addition  of  electrolyte  or  solvent  is  also  shown  in  Fig.  3 
(solid  line).  Two  significant  exothermic  processes  with  a  plateau 
between  260  °C  and  280  °C  can  be  observed.  We  assume  that  each 
process  results  from  oxygen  release.  Fig.  In  addition,  3  (spotted  line) 
shows  the  thermal  reaction  behaviour  of  the  electrode  material  in 
contact  with  a  stoichiometric  amount  of  EC/DMC  (1:1,  w/w)  to 
simulate  finally  a  nearly  complete  combustion  reaction  in  our  ARC 
according  to: 

C3H4O3  +  ^  02  — >3C02  +  2H20  (1) 


C3H603  +  302  — >3C02  +  3H20.  (2) 

To  calculate  the  stoichiometric  amount  of  EC/DMC  (1 :1,  w/w)  we 
used  the  irreversible  pressure  pm  (=3.8  bar)  of  the  bare  blend 
material  (200  mg)  without  addition  of  electrolyte  or  solvent  shown 
in  Fig.  2  after  cooling  down  to  50  °C.  As  already  mentioned,  we 
make  the  simplification  that  this  pressure  rise  is  mainly  generated 
by  released  oxygen.  With  the  ideal  gas  equation  (the  volume  V  of 
the  reaction  room  in  our  ARC  was  1.5  cm3)  the  molar  amount  of 
released  oxygen  n02  released  could  be  calculated.  Based  on  the 
stoichiometry  Eqs.  (1)  and  (2),  the  weight  of  the  solvent  EC/DMC 
(1:1,  w/w)  consumed  due  to  oxidation  by  the  available  oxygen  can 
be  calculated  according  to  Eq.  (3): 


msolv„  stoichio  — 


n02,  released '  ^solv. 
Po2,  solv.,  stoichio 


(3) 


Msoiv.  (=89.1  g  mol-1)  and  n02,soiv., stoichio 
(=2.75  moloxygen  molsoiv.)  are  the  calculated  average  values  of  the 
molar  mass  and  the  molar  amount  of  oxygen  consumed  per  mole 
EC/DMC  (1:1,  w/w)  from  Eqs.  (1)  and  (2),  respectively. 


:  al.  /  Journal  of  Power  Sources  248  (2014)  978-987 


The  stoichiometric  measurement  (spotted  line)  in  Fig.  3  shows 
that  two  oxidation  reactions  occur  with  an  onset-temperature  of 
150  °C  and  280  °C,  respectively.  As  suspected,  both  oxidation  pro¬ 
cesses  occur  during  the  exothermic  rise  of  the  heating  rate  of  the  bare 
blend  material  without  addition  of  electrolyte  or  solvent.  It  is  evident 
that  there  is  no  increase  in  the  heating  rate  for  the  measurement  with 
the  stoichiometric  amount  of  EC/DMC  (spotted  line)  in  the  temper¬ 
ature  range  between  260  °C  and  280  °C.  Simultaneously,  no  rise  of  the 
heating  rate  is  observed  in  the  same  temperature  range  for  the  pos¬ 
itive  electrode  material  without  addition  of  electrolyte  or  solvent 
(solid  line). 

At  this  point  it  should  be  mentioned  that  the  decomposition  of 
the  solvent  might  not  only  be  driven  by  the  released  oxygen. 
Especially  the  decomposition  of  the  cyclic  carbonate  EC  has  to  be 
taken  into  account. 

Therefore,  Fig.  4  shows  the  ARC  (left)  and  DSC  (right)  result  of 
200  mg  (ARC)  and  10  mg  (DSC)  of  the  salt-free  solvent  EC/DMC  (1 :1, 
w/w).  A  continuous  rise  of  the  DSC  curve  can  be  observed  with  a 
maximum  around  280  °C  of  nearly  0.2  W  g  '.  The  ARC  measure¬ 
ment  shows  an  onset  temperature  around  250  °C  and  a  maximum 
heating  rate  of  0.15  °C  min-1.  The  onset  temperature  of  the  ARC 
measurement  agrees  well  with  literature  data  in  which  a  thermal 
induced  decomposition  of  EC  is  expected  at  248  °C.  A  comparison  of 
the  ARC  measurements  shown  in  Fig.  3  (spotted  and  dashed  line) 
and  Fig.  4(a)  by  regarding  the  maximum  heating  rates  and  the 
onset-temperatures  show  that  the  reactivity  of  EC/DMC  is  signifi¬ 
cant  lower  when  no  electrode  material  is  present  indicating  that 
oxygen  release  accompanied  with  an  oxidation  might  be  the 
driving  force  for  the  reaction  behaviour  when  positive  electrode 
material  is  present.  Also  the  DSC  measurement,  in  Fig.  4(b)  shows  a 
significant  lower  exothermic  signal  with  230  J  g-1  compared  to  the 
reaction  behaviour  shown  in  Fig.  13  with  a  released  heat  of  at  least 
650  Jg1. 

After  these  experiments,  we  have  investigated  the  thermal  re¬ 
action  behaviour  of  the  positive  electrode  material  in  contact  with 
100  mg  of  our  reference  electrolyte.  In  contrast  to  the  measure¬ 
ments  shown  in  Fig.  3  (dashed  and  spotted  line),  a  salt  concentra¬ 
tion  of  1  M  LiPF6  is  now  present. 

The  observed  heating  rate  is  shown  in  Fig.  5(a)  (solid  line).  For 
comparison,  Fig.  5(a)  shows  again  the  heating  rate  of  the  blend 
material  in  contact  with  a  stoichiometric  amount  of  EC/DMC 
(spotted  line).  It  can  be  seen  that  the  first  exothermic  process 
starting  around  150  °C  is  significantly  reduced  when  1  M  LiPF6  is 
present  by  comparing  the  two  measurements.  However,  the  mea¬ 
surement  of  the  blend  material  in  contact  with  the  LiPF6-based 
electrolyte  (solid  line)  shows  a  thermal  runaway  starting  at  around 


-  200  mg  NCM/LMO  +  1 M  LiPFg  EC/DMC  (100  mg) 

.  200  mg  NCM/LMO  +  EC/DMC  (-6  mg) 


Temperature  [°C] 

Fig.  5.  (a):  Heating  rate  vs.  temperature  plot  of  200  mg  NCM/LMO  (4:1,  w/w)  blend 
(manufacturer  A)  in  contact  with  100  mg  electrolyte  (solid  line)  and  in  contact  with  a 
calculated  stoichiometric  amount  of  EC/DMC  (1:1,  w/w)  (spotted  line)  and  (b):  in 
addition,  the  heating  rate  vs.  temperature  plot  of  1  M  LiPF6  EC/DMC  (1:1,  w/w)  without 
addition  of  electrolyte  or  solvent  (dashed  line). 


280  °C  according  to  a  significant  rise  of  the  heating  rate  of  the 
spotted  line. 

Fig  5(b)  shows  the  heating  rate  of  the  reference  LiPFg  based 
electrolyte  without  addition  of  electrode  material  (dashed  line)  and 
again  the  heating  rate  of  the  blend  material  in  contact  with  a 
stoichiometric  amount  of  EC/DMC  (spotted  line).  Both  exothermic 
processes  occur  in  the  same  temperature  range.  Detailed  studies  on 
our  reference  electrolyte  were  already  described  in  a  previous 
study  [19]  of  us.  The  LiPFg-based  electrolyte  shows  an  onset- 
temperature  at  180  °C.  We  ascribe  the  first  exothermic  process  of 
the  electrolyte  between  180  °C  and  220  °C  (dashed  line)  to  the  acid 
catalysed  polymerization  reaction  of  EC,  as  described  by  Sloop  et  al. 
[20]  and  Gnanaraj  et  al.  [18],  Hereby,  according  to  Eq.  (5),  the 
conducting  salt  LiPFg  decomposes  to  LiF  and  the  strong  lewis-acid 


- EC/DMC  (1:1,  w/w)  without  addition  of  electrode  material 


10  mg  EC/DMC 
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PF5  inducing  a  ring  opening  of  the  cyclic  carbonate  EC.  Impurity  of 
water  could  also  have  an  impact  by  generated  HF  according  to 
Eq.(4). 

PF5  +  H20^±PF30  +  2HF  (4) 

As  MacNeil  et  al.  [26],  we  suspect  that  the  PF5  induced  poly¬ 
merization  products  inhibit  the  oxygen  release  causing  the  first 
exothermal  oxidation  process  starting  at  150  °C  (spotted  line).  Be¬ 
sides  that,  a  temporal  delay  of  both  the  temperature  and  pressure 
progress  can  be  observed  in  Fig.  6(a)  and  (b)  when  LiPF6  is  present. 
In  this  case,  we  used  60  mg  of  the  reference  electrolyte  and  the 
respective  salt-free  solvent  for  the  sake  of  comparability. 

3.2.  Structural  changes  of  the  positive  electrode  material  studied 
byXRD 

Fig.  7  shows  the  XRD  diffraction  pattern  of  the  NCM/LMO  blend 
of  cell  A  before  and  after  rinsing  with  DMC,  as  described  in  the 
experimental  section  above.  Table  2  shows  the  corresponding  lat¬ 
tice  constant  of  NCM  and  LMO.  Within  the  measurement  accuracy 
the  lattice  constants  show  no  significant  change.  Based  on  error 
studies  (here  not  shown),  the  fourth  decimal  place  has  to  be 
neglected  due  to  our  preparation  method  and  an  error  of  +/— 
0.001  nm  must  be  considered.  The  XRD  diffraction  patterns  in  Fig.  7 
are  identical  to  the  eye  and,  thus,  the  bulk  structure  of  the  positive 
electrode  material  was  not  changed  during  the  rinsing  procedure. 

Primarily,  XRD  was  applied  to  study  the  structural  changes  of 
the  crystalline  positive  electrode  material  during  thermal  abuse. 
Fig.  8(a)— (c)  shows  the  diffraction  pattern  of  both  the  NCM/LMO 
blend  from  cell  A  and  the  respective  diffraction  patterns  of  the 
single  phases  NCM  (manufacturer  B)  and  LMO  (manufacturer  C)  at 
room  temperature.  The  electrode  materials  were  obtained  from  the 


.  200  mg  NCM/LMO  +  60  mg  1M  LiPF6  EC/DMC 

- 200  mg  NCM/LMO  +  60  mg  EC/DMC 


Time  [min] 

Fig.  6.  (a):  Temperature  vs.  time  plot  of  200  mg  NCM/LMO  (4:1,  w/w)  blend  (manu¬ 
facturer  A)  in  contact  with  60  mg  electrolyte  (1  M  LiPF6  EC/DMC  (1:1,  w/w))  (spotted 
line)  and  in  contact  with  60  mg  salt-free  solvent  (EC/DMC  (1:1,  w/w))  (solid  line)  and 
b):  corresponding  pressure  vs.  time  plot. 
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Fig.  7.  XRD  pattern  of  the  delithiated  NCM/LMO  (4:1,  w/w)  blend  (manufacturer  A) 
without  addition  of  electrolyte  or  solvent  before  and  after  the  rinsing  procedure  at 


Table  2 

Lattice  constant  of  the  delithiated  NCM/LMO  (4:1,  w/w)  blend  (manufacturer  A) 
before  and  after  rinsing  at  room  temperature. 

Oncm  [nm]  cNcm  [nm]  Olmo  [nm] 

Not  rinsed  0.282(1)  1.452(3)  0.807(7) 

Rinsed  0.282(0)  1.451(7)  0.807(3) 


respective  lithium  ion  cell  shown  in  Table  1.  The  strongest  diffrac¬ 
tion  lines  of  the  layered  structure  of  NCM  (space  group  R3-m)  and 
the  cubic  LMO  structure  (space  group  Fd3m)  are  indicated  in 
Fig.  8(b)  and  (c),  respectively.  The  same  diffraction  lines  can  be 
observed  in  the  NCM/LMO  blend  material  shown  in  Fig.  8(a).  The 
intensity  of  the  LMO  diffraction  lines  are  reduced  due  to  its  lower 
content  in  the  respective  NCM/LMO  blend  (4:1,  w/w).  In  case  of  the 
NCM/LMO  blend  (cell  A)  and  NCM  from  cell  B  an  additional  peak  at 
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Fig.  8.  (a):  XRD  pattern  of  200  mg  rinsed  and  delithiated  NCM/LMO  (4:1,  w/w)  blend 
(manufacturer  A),  (b):  200  mg  delithiated  NCM  (manufacturer  B)  and  (c):  200  mg 
delithiated  LMO  (manufacturer  C)  at  room  temperature,  respectively. 
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26°  can  be  observed.  This  reflex  corresponds  to  graphite.  Both 
graphite  and  amorphous  carbon  are  used  as  conductive  additives  in 
the  composition  of  the  electrode  material.  We  suspect  that  in  case 
of  LMO  (Fig.  8(c))  amorphous  carbon  was  used  since  no  reflex  at  26° 
could  be  identified.  Our  XRD  studies  could  show  that  the  amount  of 
graphite  in  case  of  cell  A  and  B  is  around  2  wt.%  which  is  a  typical 
quantity  for  conductive  additives. 

First  of  all,  Table  3  shows  the  calculated  lattice  constants  of  the 
delithiated  NCM/LMO  blend  without  addition  of  electrolyte  or 
solvent  from  cell  A  at  room  temperature  and  after  an  interrupted 
ARC  experiment  at  142  °C.  In  Fig.  3  (solid  line)  the  heating  rate  of 
the  delithiated  bare  blend  material  without  addition  of  electrolyte 
or  solvent  shows  an  exothermic  process  between  120  °C  and 
140  °C  with  low  heating  rates  around  0.02  °C  min-1.  Since  there  is 
no  significant  change  in  the  lattice  constants,  shown  in  Table  3,  we 
can  presume  that  there  is  no  change  of  the  bulk  structure.  After  all, 
we  can  observe  an  exothermic  process  in  this  temperature  range. 
Several  publications  [27-29]  reported  about  protective  layers 
formed  on  the  positive  electrode.  We  suspect  thereby,  that  this 
exothermic  process  can  be  also  related  to  an  irreversible  surface 
process.  To  confirm  this  assumption,  we  performed  DSC  mea¬ 
surements  on  the  bare  blend  material  from  cell  A.  The  results  are 
shown  in  Fig.  9.  Without  opening  the  crucible,  the  delithiated 
blend  materials  were  heated  up  three  times  after  cooling  down 
previously  to  room  temperature.  We  could  observe  a  reduction  in 
the  released  energy  after  the  second  and  third  heating  phase 
indicating  that  the  exothermic  process  during  the  first  heating 
phase  is  no  more  active.  Further  analytical  studies  on  this  effect 
have  to  be  done,  e.g.  by  XPS. 

Fig.  10  shows  the  XRD  diffraction  patterns  of  the  NCM/LMO 
blend  at  different  temperatures.  As  described  in  Section  2  ARC 
measurements  of  the  positive  electrode  materials  in  contact  with 
our  standard  electrolyte  were  interrupted  at  the  indicated 


Table  3 

Lattice  constant  of  the  delithiated  NCM/LMO  (4:1,  w/w)  blend  (manufacturer  A)  at 
room  temperature  and  after  an  interrupted  ARC  experiment  at  142  °C  without 
addition  of  electrolyte  or  solvent. 

Qncm  [nm]  cNcm  [nm]  Qimo  [nm] 

Room  temperature  0.282(0)  1.451(7)  0.807(3) 

142  “C  0.282(0)  1.450(7)  0.807(4) 


- NCM/LMO  without  addition  of  electrolyte  or  solvent  (reproduction) 

- NCM/LMO  without  addition  of  electrolyte  or  solvent  (first  heating  phase) 

- NCM/LMO  without  addition  of  electrolyte  or  solvent  (second  heating  phase) 

- NCM/LMO  without  addition  of  electrolyte  or  solvent  (third  heating  phase) 


Fig.  9.  DSC  results  of  the  delithiated  NCM/LMO  (4:1,  w/w)  blend  (manufacturer  A) 
without  addition  of  electrolyte  or  solvent  after  three  heating  phases  without  opening 
the  crucible. 
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Fig.  10.  XRD  pattern  of  200  mg  delithiated  NCM/LMO  (4:1,  w/w)  blend  (manufacturer 
A)  in  contact  with  60  mg  electrolyte  detected  after  an  interrupted  ARC  experiment  at 
different  temperatures. 


temperatures  shown  in  Fig.  10(a)— (d).  Fist  of  all,  at  210  °C  a  sig¬ 
nificant  reduction  of  the  LMO  diffraction  line  at  26  =  19°  is 
observed  indicating  a  structural  change  of  the  LMO  phase.  With 
increasing  temperature,  a  coalescence  of  the  diffraction  lines  at 
64°  (NCM),  65°  (LMO)  and  66°  (NCM)  occurs  resulting  in  a  broad 
peak  at  350  °C  which  indicates  a  new  phase  with  a  cubic  structure. 
Nam  et  al.  [24]  studied  already  the  structural  change  of  NCM  in 
contact  with  a  LiPF6  based  electrolyte  by  time  resolved  XRD  (TR- 
XRD)  at  different  temperatures.  In  this  study,  a  coalescence  of  the 
diffraction  lines  64°  and  66°  corresponding  to  the  NCM  phase  was 
observed.  Nam  et  al.  could  verify  a  phase  transition  of  NCM  from 
the  layered  structure  (R3-m)  to  a  spinel  like  phase  with  a  space 
group  of  Fd3m.  With  increasing  temperature  a  rock  salt  phase 
with  a  space  group  of  Fm3m  was  finally  detected  by  Nam  et  al.  We 
assume  the  same  phase  transition  of  the  NCM  in  the  NCM/LMO 
blend  investigated  in  this  study.  To  confirm  this  behaviour  and 
especially  to  preclude  the  influence  of  the  cubic  phase  LMO  at  65°, 
the  same  study  was  made  on  the  single  phase  NCM  alone. 
Fig.  11(a)— (d)  shows  the  resulting  XRD  patterns.  As  already  ex¬ 
pected,  the  same  coalescence  of  the  diffraction  lines  at  64°  and  66° 
is  observed.  Since  the  diffraction  lines  are  very  broad,  a  Rietveld 
analysis  would  be  quite  complicated  to  determine  the  resulting 
phases  at  350  °C.  Assuming  that  the  diffraction  lines  could  be 
evaluated  at  higher  temperatures,  we  heated  the  sample  consist¬ 
ing  of  the  NCM  electrode  powder  and  our  electrolyte  up  to  490  °C. 
Therefore  an  ARC  experiment  was  started  under  isothermal  con¬ 
ditions.  Since  a  thermal  runaway  occurs  at  around  280  °C  (see 
Fig.  5(a)),  we  could  not  use  a  heat-wait-search  modus  generating 
adiabatic  conditions  as  described  in  Section  2.  Fig.  11(d)  shows  the 
resulting  XRD  pattern  with  sharp  diffraction  lines  which  could  be 
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Fig.  11.  XRD  pattern  of  200  mg  delithiated  NCM  (manufacturer  B)  in  contact  with 
60  mg  electrolyte  detected  after  an  interrupted  ARC  experiment  at  different 
temperatures. 


evaluated  by  a  Rietveld  analysis.  In  addition,  the  detected  phases 
are  shown  in  Fig.  11(c)  and  (d).  In  contrast  to  panel  c),  nickel  was 
found  as  metallic  phase.  A  (Mn.Ni)-oxide  phase,  i.e. 
(NiO)o.25(MnO)o.75,  with  the  space  group  Fm3m  could  also  be 
found.  Both  phases  are  reduction  products  accompanying  the  ox¬ 
ygen  release.  At  higher  temperatures  (Fig.  11(c)  and  (d))  only  a 
minor  amount  of  NCM  was  still  detected.  Besides  that,  CoO,  C0CO3 
and  LiF  were  also  observed.  LiF  is  generated  during  the  decom¬ 
position  of  the  conducting  salt  LiPF6  according  to  [20]: 

LiPF6(s)  ^  LiF(S)  +  PF5(g)  (5) 

MacNeil  and  Dahn  [26]  described  the  reaction  of  residual  CoO 
with  CO2  to  yield  C0CO3  during  cooling  down.  CO2  is  generated 
during  the  combustion  of  the  solvent  EC/DMC  (1:1,  w/w)  (Eqs.  (1) 
and  (2))  as  well  as  during  the  polymerization  of  EC  [18,20,26], 

Finally,  Fig.  12(a)-(d)  shows  the  XRD  patterns  of  LMO  from  cell  C 
(see  Table  1).  In  this  case  the  reflections  appear  very  broad  making 
the  evaluation  quite  difficult.  However,  the  phase  Mn3(ll, 111)04  could 
be  identified.  This  phase  indicates  also  a  reduction  of  the  delithiated 
Mn2(IV)04.  MacNeil  and  Dahn  [17]  made  similar  thermal  in¬ 
vestigations  with  delithiated  LiMn204  in  contact  with  electrolyte.  In 
this  work  Mn(II)0  and  Mn2(III)03  were  detected  as  reduction 
products  in  contrast  to  Mn3(II, 111)04.  We  assume  that  these  reduc¬ 
tion  products  are  predominantly  generated  at  higher  temperatures. 
To  confirm  this  assumption,  the  reaction  products  of  LMO  in  contact 
with  electrolyte  have  to  be  analysed,  comparable  to  NCM,  at  higher 
temperatures.  The  corresponding  studies  will  be  done. 

The  XRD  studies  primarily  show  a  phase  transition  of  the 
layered  electrode  material  NCM  towards  a  crystalline  structure 
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Fig.  12.  XRD  pattern  of  200  mg  delithiated  LMO  (manufacturer  C)  in  contact  with 
60  mg  electrolyte  detected  after  an  interrupted  ARC  experiment  at  different 
temperatures. 

with  a  space  group  Fm3m  both  in  the  blend  system  composed  of 
NCM/LMO  and  in  an  electrode  powder  consisting  only  of  NCM  as 
active  material.  Moreover,  the  violent  reduction  of  NCM  in  contact 
with  electrolyte  results  in  the  generation  of  metallic  nickel  at 
higher  temperatures.  Based  on  these  results,  the  following  overall 
decomposition  reaction  can  be  assumed: 

NCM(R3  -  m)Ar5lv  (Mn,  Ni)0(Fm3m)  +  CoO  +  Ni  +  02.  (6) 

3.3.  Impact  of  the  state  of  charge  (SOC)  studied  by  DSC  and  CV 

To  investigate  the  influence  of  the  state  of  charge  (SOC),  cell  A 
was  charged  to  different  states  of  charge  with  subsequent  dis¬ 
assembling  to  isolate  the  positive  electrode  material.  In  this  case, 
the  states  of  charge  20%,  30%,  50%,  60%,  80%  and  100%  were 
adjusted  defined  based  on  the  discharge  capacity  of  the  lithium-ion 
cell  as  specified  by  the  manufacturer  A.  Fig.  13(a)  shows  the  DSC 
measurements  of  the  NCM/LMO  blend  at  different  SOC’s  in  contact 
with  our  standard  electrolyte.  First  of  all,  a  shift  of  the  main 
exothermic  peak  around  300  °C  towards  lower  temperatures  can  be 
observed  with  increasing  SOC.  At  SOC  =  50%  and  higher,  an  addi¬ 
tional  exothermic  peak  can  be  observed  around  270  °C.  Fig.  13(b) 
shows  the  resulting  released  heat  as  a  function  of  the  SOC.  At 
SOC  =  50%  and  higher,  a  significant  increase  in  the  released  heat  is 
observed  accompanied  by  an  additional  exothermic  peak,  as 
already  described. 

To  study  this  behaviour  in  detail,  we  have  also  investigated  the 
single  phases  of  the  NCM/LMO  blend.  The  experimental  procedure 
is  described  in  Section  2.  Fig.  14(a)  and  (c)  show  the  DSC  plots  of  the 
single  phases  LMO  and  NCM  at  different  voltages,  respectively. 
These  indicated  voltages  correspond  to  the  electrode  potentials  of 
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Fig.  13.  (a):  DSC  results  of  the  delithiated  NCM/LMO  (4: 1,  w/w)  blend  (manufacturer  A)  in  contact  with  electrolyte  at  different  state  of  charges  and  b):  released  heat  at  different  state 
of  charges  of  the  delithiated  NCM/LMO  (4:1,  w/w)  blend  (manufacturer  A)  in  contact  with  electrolyte. 
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Fig.  14.  (a)  and  (c):  DSC  results  of  the  in  house  prepared  NCM  and  LMO  in  contact  with  electrolyte  at  different  voltages  (vs.  Li/Li+),  respectively,  (b)  and  (d):  cyclic  voltammetry  of  the 
in  house  prepared  NCM  and  LMO  measured  vs.  Li/Li+,  respectively. 


the  positive  NCM/LMO-blend  material  at  different  states  of  charge 
in  cell  A.  In  addition,  the  respective  CV  curves  (Fig.  14(b)  and  (d)  are 
shown.  The  CV  curve  of  LMO  shows  two  significant  oxidation 
processes  with  maxima  at  4.03  V  and  4.15  V.  This  double-stage 
behaviour  of  LMO  is  well  known  [22,23]  and  corresponds  to  the 
stepwise  increase  of  the  average  oxidation  state  of  the  Mn-ions 
from  +3.5  (LiMn204)  to  +4  (A-Mn02)  via  an  intermediate  oxida¬ 
tion  state  of  +3.75  (LiMn204//-Mn02).  In  contrast,  the  CV  curve  of 
NCM  shows  only  one  significant  process  caused  by  the  oxidation  of 
Ni+2  to  Ni+4  [21  ].  Corresponding  to  the  CV  plots,  shown  in  Fig.  14(b) 
and  (d),  the  respective  delithiation  mechanism  of  LMO  and  NCM 
can  be  described  according  to: 

LiMn204->Lio  5Mn204-^Mn204(A  -  Mn02).  (7) 

Li  [Ni0.33  C00.33  Mno.33]  02  -*■  Lio.33  [Nio.33  C00.33  Mn0  33]  02 .  (8 ) 

Regarding  the  oxidation  behaviour  of  LMO,  two  significant  DSC 
characteristics  (indicated  with  the  roman  numerals  I  and  II  in 
Fig.  14(a)  can  be  observed.  With  the  starting  second  oxidation 
process  a  shift  of  the  exothermic  DSC  peak  at  around  300  °C  to¬ 
wards  lower  temperatures  and  an  additional  DSC  peak  around 
250  °C  appears,  which  increases  the  released  energy.  The  resulting 


DSC  curves  of  NCM  exhibit  the  same  thermal  characteristic  for  all 
electrode  potentials.  At  3.9  V,  NCM  has  already  passed  the  first 
oxidation  progress,  whereas  LMO  is  still  going  to  pass  through  both 
oxidation  processes.  We  suspect  thereby,  corresponding  to  the 
oxidation  behaviour  of  LMO,  the  second  exothermic  characteristic 
in  the  DSC  curves  observed  at  4.13  V  is  related  to  a  final  increase  of 
the  oxidation  state  of  the  manganese  ions  to  +4.  As  already  sus¬ 
pected  by  Zhang  et  al.  [6],  the  reaction  and  decomposition  behav¬ 
iour  of  metal  oxide  based  electrode  materials  depend  on  the 
presence  of  transition  metal  ions  with  an  oxidation  state  of  M+4. 
The  final  rise  of  the  oxidation  state  of  the  manganese-ion  to  +4 
significantly  increases  the  released  heat  (see  Fig.  15(a)  and  (b). 
Fig.  15(a)  and  (b)  shows  again  the  released  heat  of  the  NCM/LMO 
blend  and  in  addition,  the  released  heat  of  the  single  phases  NCM 
and  LMO,  respectively,  from  Fig.  14(a)  and  (c).  NCM  shows  a 
continuous  rise  of  the  released  heat  with  increasing  electrode  po¬ 
tential  corresponding  to  a  higher  SOC  of  cell  A.  As  already  sus¬ 
pected,  LMO  shows  a  significant  increase  of  the  released  heat  from 
4.03  V  to  4.13  V  due  to  the  final  oxidation  of  the  manganese  ion 
to  +4,  as  already  described.  The  NCM/LMO  blend  shows  also  a 
significant  rise  of  the  released  heat.  We  ascribed  this  rise  of  the 
released  heat  to  the  thermal  behaviour  of  the  LMO,  described 
before.  Nevertheless,  NCM  releases  more  heat  as  compared  to  LMO 
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Fig.  15.  (a):  Released  heat  of  the  delithiated  NCM/LMO  (4:1,  w/w)  blend  (manufacturer 
A)  in  contact  with  electrolyte  at  different  state  of  charges,  b):  released  heat  of  the 
delithiated  and  in  house  prepared  NCM  and  LMO  in  contact  with  electrolyte  at 
different  voltages  vs.  Li/Li+. 


since  the  oxidation  capability  of  Ni+4  [25]  is  stronger  compared  to 
Mn+4  leading  to  more  oxygen  release.  We  can  conclude  that  a 
better  understanding  of  the  thermal  reaction  behaviour  of  the 
NCM/LMO  blend  (see  Fig.  13(a)  and  (b)  could  be  gained  due  to  a 
combined  study  of  both  the  electrochemical  and  thermal  behaviour 
of  the  respective  single  phases  NCM  and  LMO. 

4.  Conclusion 

The  ARC  investigations  in  this  work  on  the  complete  lithium-ion 
cell  and  its  electrode  materials,  respectively,  showed  a  significant 
dependence  on  the  reaction  behaviour  of  the  positive  electrode¬ 
electrolyte  reaction.  Both  the  heating  rate  progress  and  the  onset- 
temperature  of  the  positive  electrode— electrolyte  reaction  agree 
well  with  the  ARC-study  of  the  complete  lithium-ion  cell  (manu¬ 
facturer  A).  Detailed  thermal  studies  of  the  positive  active  material 
showed  two  significant  oxidation  reactions  between  the  organic 
solvent  and  released  oxygen,  whereas  the  first  oxidation  around 
150  °C  is  inhibited  by  the  exothermal  electrolyte  decomposition 
reaction.  XRD  analysis  both  on  the  NCM/LMO  blend  material  and 
the  electrodes  containing  only  NCM  and  LMO  as  active  material 
showed  a  phase  transformation  of  the  layered  NCM  (R3-m)  towards 
a  cubic  phase  (Fm3m)  which  could  be  assigned  to  a  (Mn.Ni)-oxide 


phase.  Metallic  Nickel  could  be  identified  at  higher  temperatures. 
Furthermore,  thermal  investigations  based  on  DSC  to  study  the 
impact  of  the  state  of  charge  on  the  reaction  behaviour  between  the 
NCM/LMO  blend  and  the  LiPF6-based  electrolyte  showed  a  signifi¬ 
cant  rise  of  the  released  heat.  Separate  thermal-electrochemical 
studies  on  the  single  phases  NCM  and  LMO  by  DSC  and  CV, 
respectively,  showed  that  this  energy  input  is  generated  due  to  the 
double-stage  electrochemical  oxidation  behaviour  of  the 
manganese-ion  to  Mn+4.  However,  the  DSC  investigations  showed 
that  the  released  heat  of  NCM  in  presence  of  electrolyte  is  higher 
compared  to  LMO  during  all  states  of  charge  related  to  the  stronger 
oxidation  capability  of  the  Ni+4-ion  causing  finally  more  oxygen 
release  compared  to  the  Mn+4-ion. 
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